OPTICAL SIGNAL PROCESSING DEVICE USING OPTICAL GATE 



BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 

The present invention relates to an optical signal 
processing device for processing optical signals in the 
field of optical communications. 
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DESCRIPTION OF THE BACKGROUND ART 

Due to the explosive development of the Internet, 
there is a major shift in the mainstream of communications 
from speeches to data. In near future, the majority of 

15 signals transmitted through communication paths are 

expected to become data packets. In conjunction with this 
change, there is a demand for an evolution of the optical 
fiber communication system from a simple large capacity 
communication path to an intelligent network that can 

20 process optical signal packets. An optical router that can 
distribute optical signal packets according to information 
on a destination of each optical signal is a key 
constituent element of such a next generation optical 
communication network. 

25 The most important element in the optical router is a 

signal processing device for reading information on a 
destination or the like from the optical signal. 
Conventionally, this reading of the destination information 
has been realized by an electronic circuit. 
30 Fig. 11 shows a conceptual configuration of a 

conventional device for reading the destination 
information. As shown in Fig. 11, the optical signals 
(address information, data, etc.) from an optical fiber 
communication path are separated by an optical tap 110, and 
35 converted into electric signals at an opto-electr ic 



-1- 



conversion circuit 111. These converted electric signals 
are lead to an electric circuit 112 where the destination 
information is extracted from the data. The optical signals 
are then processed according to the extracted destination 
5 information, by an optical router 113, for example. 

However, the conventional signal processing device 
requires the conversion of the optical signals into the 
electric signals before the processing at the electric 
circuit so that there has been a problem that the 
10 processing speed of the signal processing device as a whole 
is limited by the speed of the electric circuit. 

The communication capacity required for the optical 
communication network has been increasing exponentially 
since the advent of the Internet, but it is impossible to 
15 construct an optical communication system of an ultra high 
speed such as 40 Gbps or 100 Gbps that will be required in 
the next or next next generation, by the conventional 
method for carrying out the processing by converting the 
optical signals into the electric signals. 
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SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
25 provide an optical signal processing device capable of 
carrying out the optical signal processing for reading 
information on a destination or the like from the optical 
signals at high speed. 

According to one aspect of the present invention there 
30 is provided an optical signal processing device, 

comprising: an input optical waveguide; an optical splitter 
configured to split optical signals entered at the input 
optical waveguide into plural sets; an optical delay 
waveguide array formed by a plurality of optical delay 
35 waveguides with mutually different delay amounts which are 
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configured to delay the optical signals split by the 
optical splitter; an optical combiner configured to combine 
the optical signals delayed by the optical delay waveguide 
array; an output optical waveguide connected to an output 
5 port of the optical combiner; and an optical gate 

configured to gate the optical signals outputted from the 
optical combiner or entered into the optical delay 
waveguide array; wherein at least one of the optical 
splitter, the optical delay waveguide array, the optical 
10 combiner and the optical gate has an optical amplitude 

adjustment function for adjusting amplitudes of the optical 
signals . 

According to another aspect of the present invention 
there is provided an optical signal processing device, 
15 comprising: an input optical waveguide; an optical splitter 
configured to split optical signals entered at the input 
optical waveguide into plural sets; a first optical delay 
waveguide array formed by a plurality of optical delay 
waveguides with mutually different delay amounts which are 
20 configured to delay the optical signals split by the 

optical splitter; a plurality of optical gates configured 
to gate the optical signals respectively provided on the 
optical delay waveguides and configured to gate the optical 
signals entered into the optical delay waveguide array; an 
25 optical switch for switching the optical signals outputted 
from the optical delay waveguide array; a second optical 
delay waveguide array formed by a plurality of optical 
delay waveguides with mutually different delay amounts 
which are configured to delay the optical signals switched 
30 by the optical switch; an optical combiner configured to 
combine the optical signals delayed by the second optical 
delay waveguide array; and an output optical waveguide 
connected to an output port of the optical combiner. 

Other features and advantages of the present invention 
35 will become apparent from the following description taken 
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in conjunction with the accompanying drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 

5 

Fig. 1 is a block diagram showing an exemplary 
configuration of an optical signal processing device 
according to the first embodiment of the present invention. 
Fig. 2 is a diagram showing an exemplary configuration 
10 of an optical amplitude controller used in the optical 
signal processing device of Fig. 1. 

Fig. 3 is a diagram for explaining the operation of 
the optical signal processing device according to the first 
embodiment of the present invention. 
15 Fig. 4 is a block diagram showing one modified 

configuration of an optical signal processing device 
according to the first embodiment of the present invention. 

Fig. 5 is a block diagram showing another modified 
configuration of an optical signal processing device 
20 according to the first embodiment of the present invention. 
Fig. 6 is a block diagram showing another modified 
configuration of an optical signal processing device 
according to the first embodiment of the present invention. 
Fig. 7 is a block diagram showing another modified 
25 configuration of an optical signal processing device 

according to the first embodiment of the present invention. 

Fig. 8 is a block diagram showing an exemplary 
configuration of an optical signal processing device 
according to the second embodiment of the present 
30 invention . 

Fig. 9 is a diagram showing an exemplary configuration 
of an NxN optical switch used in the optical signal 
processing device of Fig. 8. 

Fig. 10 is a diagram for explaining the operation of 
35 the optical signal processing device according to the 
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second embodiment of the present invention. 

Fig. 11 is a block diagram showing an example of a 
conventional optical signal processing device. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
<First Embodiment > 

Referring now to Fig. 1 to Fig. 7, the first 
10 embodiment of the optical signal processing device 

according to the present invention will be described in 
detail . 

Fig. 1 shows an exemplary configuration of the optical 
signal processing device according to the first embodiment 

15 of the present invention. 

As shown in Fig. 1, the optical signal processing 
device of the first embodiment comprises an input optical 
waveguide 11, a multi-mode interference optical coupler 12 
for splitting the input optical signal into N (which is 

20 assumed to be five in this embodiment) sets, an optical 

delay waveguide array 13 with delays sequentially different 
by At one another, a plurality of optical amplitude 
controllers 14 provided on respective optical delay 
waveguides of the optical delay waveguide array 13, a 

25 multi-mode interference optical coupler 15 for combing N 

optical signals, an optical gate 16 connected at an output 
port of the multi-mode interference optical coupler 15, and 
an output optical waveguide 17, all of which are provided 
on a substrate 10 . 

30 Here, the input optical waveguide 11, the optical 

delay waveguide array 13, and the output optical waveguide 
17 can be formed by silica-based optical waveguides, for 
example . 

The optical gate 16 can be formed by a semiconductor 
35 optical switch, a waveguide non-linear optical loop mirror, 
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a dielectric optical switch, or any other optical switch. 

Each optical amplitude controller 14 can be formed by 
a silica-based optical delay waveguide as shown in Fig. 2, 
in which a Mach-Zehnder optical switch 41 based on the 
thermo-optic effect using a thin film heater 40 is combined 
with a thin film heater (phase modulator) 42 based on the 
thermo-optic effect. It is also possible to use the optical 
amplitude controller in any other configuration. 

Also, in the first embodiment, the multi-mode 
interference optical couplers 12 and 15 are used as an 
optical splitter and an optical combiner, because this 
configuration can provide stable optical splitting and 
optical combining in a compact configuration. However, the 
present invention is not necessarily limited to this 
15 example, and it is also possible to use the other optical 
splitters or optical combiners such as directional couplers 
connected in a tree shape or a tap shape. 

In addition, in the first embodiment, the optical 
amplitude controllers 14 are provided on the optical delay 
20 waveguide array 13, because this configuration can realize 
the optical amplitude adjustment in which a manufacturing 
error can be corrected later on and an amplitude adjustment 
amount can be changed later on. However, the present 
invention is not necessarily limited to this example, and 
25 it is also possible to realize the optical amplitude 
adjustment by using an optical coupler with an uneven 
splitting ratio in the multi-mode interference optical 
coupler 12 provided as an optical splitter, or by using an 
optical coupler of an uneven splitting radio in the multi- 
30 mode interference optical coupler 15 provided as an optical 
combiner. It is also possible to realize the optical 
amplitude adjustment by using both of them, or by using 
either one or both of them in combination with the optical 
amplitude controllers 14 provided on the optical delay 
35 waveguide array 13. 
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Next, the operation of the optical signal processing 
device of the first embodiment will be described in detail 
with references to the drawings. 

Fig. 3 shows an exemplary case of recognizing an 
5 optical pulse sequence by the optical signal processing 
device of the first embodiment. Here, the input optical 
pulse sequence is assumed to be formed by 5 bits signals 
[a. , a 3 , aa . a, , a B ] . where each bit has a value 1 or 0 . 
In the optical signal processing device of the first 
10 embodiment, this input optical pulse sequence is split by 
the multi-mode interference optical coupler 12 first. Then, 
the split optical pulse sequences are respectively delayed 
in units of time-slots by the optical delay waveguide array 
13, where one time-slot is given by an interval Ax between 
15 adjacent pulses. The delayed optical pulse sequences are 
then combined by the multi-mode interference optical 
coupler 15, and a prescribed time-slot region is extracted 
by the optical gate 16. 

At this point, when the amplitude adjustment amounts 
20 of the optical delay waveguide array 13 are respectively 
given by [2", 2" 3 , 2" 2 , 2" 1 , 2 fl ] , the light intensities 
outputted from the optical gate 16 can be expressed by the 
following equation (1). 



25 



S = 



— ( 2" 4 aa +2" 3 as +2" 2 as + 2~ 1 ai +2 a aa ) 
5 



(1) 



More generally, when the amplitude adjustment amounts 
of the optical delay waveguide array 13 are respectively 
30 given by [2-'-" , 2"<«- 2 > , . 2" > , 2- ] , the light 
intensities outputted from the optical gate 16 can be 
expressed by the following equation (2). 
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S = 



n 



( 2" ' n " 1 ' an - i +2" ( n " 2 * a n - 2 + +2" 1 ai +2 0 aa ) 



(2) 
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It can be seen from this equations (1) and (2) that 
the amplitude of the output signal S effectively gives the 
digital-to-analog conversion of the input signal. 
5 Conventionally, it has been necessary to convert pulses of 
the optical pulse sequence into electric signals one by one 
in order to recognize the content of the optical pulse 
sequences. In contrast, the digital-to-analog conversion of 
the optical signals can be realized in an optical region 
10 according to the configuration of the first embodiment, so 
that the optical pulses can be recognized by an electric 
processing device with a processing speed slower than the 
speed of the optical pulse sequence. Namely, when the 
optical signal processing device of Fig. 1 is inserted 
15 between the optical tap 110 and the opto-electr ic 

conversion circuit 111 in Fig. 11, the optical gate 16 
outputs only a signal for one time-slot extracted from 
every five time-slots of the input optical pulse sequence, 
for example, so that it suffices for the electric circuit 
20 112 to be operated at 1/5 of the speed of the input optical 
pulse sequence. 

Note that Fig. 3 shows an exemplary case of 
recognizing contents of all bits, but the present invention 
is not necessarily limited to this case and it is also 
25 possible to recognize only a part of the input optical 
pulse sequence. For example, by setting the amplitude 
adjustment amounts of the optical delay waveguide array 13 
as [2' 2 , 0, 2" 1 , 0, 2 0 ] , it is possible to obtain the 
digital-to-analog conversion of the contents of only the 
30 first, third and fifth bits 

Note also that the amplitude adjustment amounts are 
set to be totally different from each other as in the case 
of [2" 4 2" 3 , 2" 2 , 2" 1 , 2 e ] described above, but the 
present invention is not necessarily limited to this case, 
35 and any other combinations can be used. For example, by 
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setting the amplitude adjustment amounts to [1, -l f 1 -1, 
1] (where the minus sign can be realized by the phase 
modulation) , it is possible to compare the number of bits 
contained at the odd numbered positions in the data 
5 sequence and the number of bits contained at the even 
numbered positions in the data sequence so that this 
optical signal processing device of Fig. 1 can be utilized 
as a parity check device. 

As described above, the optical signal processing 

10 device of the first embodiment uses an optical splitter for 
splitting input optical signals into plural sets, an 
optical delay waveguide array with mutually different delay 
amounts, optical amplitude controllers for adjusting 
amplitudes of the optical signals lead to the optical delay 

15 waveguide array, an optical combiner for combining optical 
signals from the optical delay waveguide array, and an 
optical gate for gating the optical signals on a time axis, 
so that it becomes possible to realize the digital-to- 
analog conversion of the input optical signals in an 

20 optical region, and therefore it becomes possible to 
provide the optical signal processing device that can 
handle high speed optical signals by using a relatively 
slow electric circuit. Such a processing of the optical 
signals can be utilized in reading of information on a 

25 destination of the optical signals, for example. 

Fig. 4 shows one modified configuration of the optical 
signal processing device of the first embodiment. This 
optical signal processing device of Fig. 4 is formed by the 
same constituent elements as the optical signal processing 

30 device of Fig. 1, but different from the optical signal 

processing device of Fig. 1 in that the optical gate 16 is 
provided outside the substrate 10 as an individual 
component rather than on the substrate 10. Even in such a 
modified configuration, the recognition of the optical 

35 pulse sequence can be realized similarly as the optical 
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signal processing device of Fig. 1. 

In the optical signal processing device of Fig. 4, the 
optical gate 16 is not provided on the substrate 10 so that 
the optical gate 16 can be provided in various different 
5 forms including an optical fiber non-linear optical loop 
mirror in addition to a semiconductor optical switch, a 
waveguide non-linear optical loop mirror and a dielectric 
optical switch mentioned above 

Fig. 5 shows another modified configuration of the 
10 optical signal processing device of the first embodiment. 
This optical signal processing device of Fig. 5 has 
basically the same configuration as the optical signal 
processing device of Fig. 1 except that a TE/TM converter 
18 is inserted in a middle of the optical delay waveguide 
15 array 13. 

With this configuration, it becomes possible to 
realize the polarization independent operation in the 
device as a whole even when the optical delay waveguide 
array 13 has birefringence. 
20 Fig. 6 shows another modified configuration of the 

optical signal processing device of the first embodiment. 
This optical signal processing device of Fig. 6 also has 
basically the same configuration as the optical signal 
processing device of Fig. 1 but differs from the optical 
25 signal processing device of Fig. 1 in that a plurality of 
optical gates 16 are provided on respective optical delay 
waveguides of the optical delay waveguide array 13, instead 
of the signal optical gate 16 provided after the multi-mode 
interference optical coupler 15. Even in such a 
30 configuration, exactly the same functions as those of the 
optical signal processing device of Fig. 1 can be realized. 

Moreover, in this case, the amplitude adjustment 
function can be realized by adjusting a gain (or a loss) of 
each optical gate 16. 
35 Note however that the adjustment of the gain (or the 
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loss) of the optical gate 16 usually also changes the 
amount of phase shift in lights. In order to compensate for 
that, the optical signal processing device of Fig. 6 also 
incorporates a plurality of phase controllers 19 on 
5 respective optical delay waveguides of the optical delay 
waveguide array 13. The phase shifts in lights caused by 
the optical gates 16 can be compensated by these phase 
controllers 19. 

Note also that these phase controllers 19 are 
10 unnecessary when the optical delay waveguide array 13 is 
designed by taking the phase shifts due to the amplitude 
adjustment into account. 

Fig. 7 shows another modified configuration of the. 
optical signal processing device of the first embodiment. 
15 This optical signal processing device of Fig. 7 differs 

from the optical signal processing device of Fig. 6 in that 
the plurality of optical amplitude controllers 14 are 
provided on the respective optical delay waveguides of the 
optical delay waveguide array 13 instead of the phase 
20 controllers 19, along with the optical gates 16. Namely, in 
the optical signal processing device of Fig. 6, the 
amplitude adjustment function is realized by the optical 
gates 16. However, the present invention is not necessarily 
limited to this case and it is also possible to realize the 
25 amplitude adjustment function by the amplitude controllers 
14 rather than by the optical gates 16. 

<Second Embodiment> 

Referring now to Fig. 8 to Fig. 10, the second 
30 embodiment of the optical signal processing device 

according to the present invention will be described in 
detail. 

Fig. 8 shows an exemplary configuration of the optical 
signal processing device according to the secone embodiment 
35 of the present invention. 
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As shown in Fig. 8, the optical signal processing 
device of the second embodiment comprises an input optical 
waveguide 21, a multi-mode interference optical coupler 22 
for splitting the input optical signal, a first optical 
5 delay waveguide array 23 for giving delays to the split 
optical signals, a plurality of optical gates 24 provided 
on respective optical delay waveguides of the first optical 
delay waveguide array 23, an N*N optical switch 25with an 
input connected to the first optical delay waveguide array 
10 23, a second optical delay waveguide array 26 connected to 
an output of the N*N optical switch 25, a plurality of 
phase controllers 27 provided on respective optical delay 
waveguides of the second optical delay waveguide array 26, 
a multi-mode interference optical coupler 28 for combing 
15 optical signals from the second optical delay waveguide 

array 26, and an output optical waveguide 29 connected to 
an output port of the multi-mode interference optical 
coupler 28, all of which are provided on a substrate 20. 
Here, in the second embodiment, the multi-mode 
20 interference optical couplers 22 and 28 are used as an 
optical splitter and an optical combiner, because this 
configuration can provide stable optical splitting and 
optical combining in a compact configuration. However, the 
present invention is not necessarily limited to this 
25 example, and it is also possible to use the other optical 
splitters or optical combiners such as directional couplers 
connected in a tree shape or a tap shape. 

Also, the phase controllers 27 are provided because 
there can be cases where it is preferable to align phaes of 
30 the output signals, but these phase controllers 27 are not 
indispensable elements of the optical signal processing 
device of this embodiment so that they may be omitted. 

Fig. 9 shows an exemplary configuration of the N*N 
optical switch 25 used in the optical signal processing 
35 device of Fig. 8. As shown in Fig. 9, the N*N optical 
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switch 25 is a matrix switch in a non-blocking 
configuration. The matrix switch shown in Fig. 9 has input 
ports (1) to (5) and output ports A to E, which are 
arranged to cross with each other. At each intersection, a 
5 thermo-optic switch 43 in a form of a Mach-Zehnder optical 
switch is provided, such that the optical signals entered 
at the input ports (1) to (5) are connected to the output 
ports A to E according to the states of these switches. 
Here, the N*N optical switch 25 shown in Fig. 9 is 
10 realized by using thermo-optic switches because this 

configuration can realize a compact switch stably. However, 
the present invention is not necessarily limited to this 
example, and can be realized by using any other switches 
such as switches using electro-optic effect, switches using 
15 micro-machines, all optical switches, etc. 

Also, the NxN optical switch 25 shown in Fig. 9 has a 
non-blocking configuration, because this configuration can 
change the state of each switch without affecting the 
connection states of the other switches. However, the 
20 present invention is not necessarily limited to this 

example, and can be realized without using the non-blocking 
configuration . 

Next, the operation of the optical signal processing 
device of the second embodiment will be described in detail 
25 with references to the drawings. 

Fig. 10 shows an exemplary case of interchanging the 
optical signals that are multiplexed on a time axis by the 
optical signal processing device of the second embodiment. 
Suppose now that the input optical signals are 5 bits 
30 optical signals [b 4 , b 3 , b 2 , bi , ba ] , which are multiplexed 
on a time axis. 

In the optical signal processing device of the second 
embodiment, these input optical signals are split by the 
multi-mode interference optical coupler 22, and delayed by 
35 the first optical delay waveguide array 23 for the 
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respective number of time-slots, where one time-slot is 
given by an interval between adjacent optical signals. 
Then, the delayed optical signals are extracted by the 
respective optical gates 24 such that the 5 bits of the 

5 optical signals are extracted at the same timing. 

The demultiplexed optical signals are then lead to the 
NxN optical switch 25, where the 5 bits of the optical 
signals are lead to appropriate optical delay waveguides of 
the second optical delay waveguide array 26 in a desired 

10 combination according to the state of the switch. Then, 
these optical signals are delayed by the second optical 
delay waveguide array 26 for the respective number of time- 
slots, combined by the multi-mode interference optical 
coupler 28, and lead to the output optical waveguide 29. 

15 As a result, the input optical signals are 

interchanged on a time axis in the output optical signals 
at the output optical waveguide 29, as [bs , bi , bs , ba , b4 ] 
as shown in Fig. 10, for example. 

Thus, according to the optical signal processing 

20 device of the second embodiment, it becomes possible to 
realize the processing of the optical signals that are 
multiplexed on a time axis such as interchanges of time- 
slots while maintaining these signals in the state of 
optical signals . 

25 Note that, in the optical signal processing device of 

the second embodiment, it is also possible to realize the 
polarization independent operation by inserting a TE/TM 
converter in a middle of the optical delay waveguide arrays 
23 and 26 similarly as in the case of Fig. 5 described 

30 above. 

As described above, the optical signal processing 
device of the second embodiment uses an optical splitter 
for splitting input optical signals into plural sets, an 
optical delay waveguide array with mutually different delay 
35 amounts, optical gates for gating the optical signals lead 
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to the optical delay waveguide array on a time axis, an 
optical switch for switching the gated optical signals, an 
optical delay waveguide array for delaying the optical 
signals switched by the optical switch, and an optical 
5 combiner for combining the delayed optical signals, so that 
it becomes possible to realize the processing of the 
optical signals that are multiplexed on a time axis such as 
interchanges of time-slots or changes of the signal speeds 
using different delay amounts, and therefore it becomes 
10 possible to provide the optical signal processing device 
that can handle high speed optical signals in an optical 
region. Such a processing of the optical signals can be 
utilized for the rewriting of information on a destination 
of the optical signals, for example. 

15 

As described, according to the optical signal 
processing device of the present invention, it becomes 
possible to realize the digital-to-analog conversion of the 
input optical signals in an optical region, without 

20 converting the input optical signals into electric signals 
for the purpose of signal processing, by splitting input 
optical signals into plural sets, delaying the split 
optical signals for mutually different delay amounts while 
adjusting amplitudes of these optical signals, combining 

25 these optical signals, and gating these optical signals on 
a time axis, so that it becomes possible to handle high 
speed optical signals by using a relatively slow electric 
circuit . 

Here, the contents of all bits of the optical signals 
30 can be recognized by adjusting the amplitudes of the 

optical signals such that the optical combiner combines the 
optical signals at respectively different intensities. 

It is also possible to compensate the change of the 
phase shifts in lights due to the adjustment of the gain 
35 (or the loss) of the optical gate, by providing phase 
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controllers In the optical delay waveguide array. 

Also, according to the optical signal processing 
device of the present invention, it becomes possible to 
realize the processing of the optical signals that are 
5 multiplexed on a time axis such as interchanges of time- 
slots, without converting the input optical signals into 
electric signals for the purpose of signal processing, by 
splitting input optical signals into plural sets, delaying 
the split optical signals for mutually different delay 

10 amounts, gating these optical signals on a time axis, 
interchanging the gated optical signals, delaying the 
interchanged optical signals for mutually different delay 
amounts, and combining these delayed optical signals, so 
that it becomes possible to handle high speed optical 

15 signals in an optical region. 

In the optical signal processing device of the present 
invention, it is possible to realize the stable optical 
signal splitting and/or combining by a compact 
configuration, by using the multi-mode interference optical 

20 coupler for the optical splitter and/or the optical 
combiner . 

Also, in the optical signal processing device of the 
present invention, it is possible to realize the 
polarization independent operation in the device as a 

25 whole, even when the optical delay waveguide array has 

birefringence, by inserting a TE/TM converter in a middle 
of the optical delay waveguide array. 

It is also to be noted that, besides those already 
mentioned above, many modifications and variations of the 

30 above embodiments may be made without departing from the 
novel and advantageous features of the present invention. 
Accordingly, all such modifications and variations are 
intended to be included within the scope of the appended 
claims . 
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